Conventional laser cooling relies on repeated electronic excitations by near-resonant light, which constrains its area of application to a selected number of atomic species prepared at moderate particle densities. Optical cavities with sufficiently large Purcell factors allow for laser cooling schemes, avoiding these limitations. Here, we report on an atom-cavity system, combining a Purcell factor above 40 with a cavity bandwidth below the recoil frequency associated with the kinetic energy transfer in a single photon scattering event. This lets us access a yet-unexplored regime of atom-cavity interactions, in which the atomic motion can be manipulated by targeted dissipation with sub-recoil resolution. We demonstrate cavity-induced heating of a Bose-Einstein condensate and subsequent cooling at particle densities and temperatures incompatible with conventional laser cooling.
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T he discovery of laser cooling has paved the way for fundamental progress in the fields of precision spectroscopy, time and frequency metrology, quantum optics, and quantum gas physics (1) (2) (3) (4) (5) . The essential role of repeated electronic excitation constrains the applicability of laser cooling to a limited number of atomic systems, which provide a nearly closed excitation cycle. Reabsorbed spontaneous photons yield stringent limitations with respect to the possible particle densities. The search early on for ways around the unfavorable effects of resonant excitation has led researchers to propose the use of optical cavities, which modify the electromagnetic vacuum. Cooling schemes based on optical cavities promise to be largely unaffected by density limitations and to be applicable to any polarizable matter, including molecules (6) (7) (8) (9) (10) (11) (12) (13) . Under certain conditions, cavities may even be used to cool mesoscopic objects as nanoparticles, cantilevers, or thin membranes, which has led to the new field of cavity optomechanics (14) .
Optical cavities are characterized by two key figures: the rate, h, for scattering into a cavity mode relative to all free-space modes, termed Purcell factor (15) , and the intracavity field decay rate, k = 1/2t, which is related to the cavity bandwith, 1/t (the spectral width of the transmission resonances), and the photon storage time, t. Two extreme regimes arise. If h > 1, scattering into modes not supported by the cavity is practically suppressed. If ħk (where ħ is Planck's constant) is smaller than twice the recoil energy,
(m is the atomic mass, k ≡ 2p/l, and l is the optical wavelength), each atom can backscatter only a single photon. The kinetic energy transfer required for backscattering two photons cannot be resonantly supported by the cavity, and hence further backscattering is blocked. Cavity cooling has been experimentally pioneered in the regime h > 1, ħk ≫ E rec for large thermal samples by using highly degenerate confocal cavities with moderate finesse and round-trip lengths on the order of cm (16, 17) and with a single or few atoms placed in 100-mm-sized high-finesse singlemode cavities (9, 10) . More recently, Bose-Einstein condensates (BECs) were prepared inside such optical cavities in order to study optomechanical interactions and superradiance properties close to zero temperature (18) (19) (20) (21) . The regime h < 1, ħk ≃ 4E rec has been addressed in an experiment studying collective atomic recoil lasing and collective scattering in a ring cavity (22, 23) . However, the experimentally highly demanding quantum regime, www.sciencemag.org SCIENCE VOL 337 6 JULY 2012 when a Purcell factor exceeding unity (h > 1) is combined with a sub-recoil cavity bandwidth (ħk < 2E rec ), has remained unexplored. In our experiment, we access this regime and demonstrate targeted heating and cooling of atoms on a sub-recoil energy scale at densities on the order of 10 14 cm −3 incompatible with conventional laser cooling. Our cavity-assisted cooling scheme extends the scope of laser cooling to a wide range of particles and to phase space densities close to quantum degeneracy. Aweak probe beam with tunable frequency w p = ck (c is the speed of light) is axially coupled into a linear standing wave cavity, which in the absence of atoms provides a resonance at the frequency w c (Fig. 1A) . Below, the fundamental backscattering processes are illustrated for a single freely moving atom modeled by a quadratic dispersion relation. Figure 1B shows an atom at zero momentum irradiated with a photon at a frequency detuned by d c ≡ w p − w c = 4w rec (w rec ≡ E rec /ħ) to the blue side (d c > 0) of the cavity resonance (blue solid arrows). The photon is scattered into the empty cavity (gray dashed arrows). A momentum of 2ħk is transferred, thus increasing the motional energy of the atom by 4E rec . Scattering of a second photon becomes impossible; this would require a second transfer of 2ħk momentum and hence an energy transfer of 16E rec − 4E rec = 12E rec , which cannot be provided because of the limited bandwidth of the cavity (indicated by the light blue horizontal bars). The scattered photon eventually escapes from the cavity, thus leaving the atom in either of the momentum states T|2ħk〉. Owing to the irreversibility of the momentum transfer yielding an increase of the atomic motional energy, we refer to this process as cavityinduced heating. The complementary cooling process is illustrated in Fig. 1C . The atom initially prepared in a mixture of the momentum states T|2ħk〉 is irradiated with a photon (red arrows) detuned to the red side of the cavity resonance by d c = − 4w rec < 0. Away from the resonances d c = T4w rec , only forward scattering is possible, yielding a shift of the cavity resonance frequency.
We prepared a BEC with up to 2 × 10 5 rubidium atoms ( 87 Rb) in the F = 2, m F = 2 ground state close to zero temperature well confined within the mode volume of a 5-cm-long nearconcentric cavity with k/2p = 4.5 kHz, w 0 = 31.5 mm mode radius, and a finesse of F = 3.4 ×10 5 yielding h = 43. The atoms were held in a cigarshaped magnetic trap with harmonic frequencies of 202, 215, and 25 Hz along the x, y, and z axes (Fig. 1A) . Advanced laser stabilization techniques allowed us to axially couple a weak probe beam to the cavity and control its frequency detuning from the cavity resonance at the sub-kHz level (24) . The probe wavelength l = 803 nm (yielding E rec /ħ = 2p × 3.6 kHz) is far detuned to the red side of the relevant atomic transitions at 795 and 780 nm (D 1 and D 2 lines) with the common atomic decay rate G = 2p × 6 MHz, such that electronic excitation of the atoms is negligible. With
We measured the light transmitted through the cavity with a photon counter (56% quantum efficiency) and the momentum spectrum of the atoms via time-of-flight spectroscopy [for details, see (25) ].
In Fig. 2A , the probe frequency is tuned across the cavity resonance during 5 ms after a BEC with
sion. Although, at the resonance peak of the red transmission spectrum, the intracavity power becomes maximal, backscattering is suppressed, as is seen from the corresponding momentum spectrum of the atoms, which does not show any population of the T|2ħk〉 momentum components. Only when the probe detuning reaches d c /2p ≈ −15 kHz does backscattering according to Fig.  1B arise, and the condensate is efficiently transferred to the momentum states T|2ħk〉. The intracavity power at this point is reduced to 4 percent of its maximal value. Decreasing d c yields the blue transmission spectrum. Here, the T|2ħk〉 momentum states are populated when d c /2p ≈ −13 kHz is reached, long before the resonance maximum at d c /2p ≈ −45 kHz is reached. The subsequent build-up of a significant intracavity standing wave, arising upon passing the resonance peak, does not further modify the momentum spectrum. On the red side of the resonance peak, the cooling process of Fig. 1C should become resonant; however, we do not observe a notable transfer of atoms back to the zero momentum state. We attribute this to the fact that the steep decrease of the resonance profile only allows the coupling of a few photons with appropriate frequency into the cavity as the scan proceeds. An additional obstacle is the depletion of the condensate because of multiple elastic two-body collisions, leading to rapidly increasing diffuse halos in the momentum spectra, after the states T|2ħk〉 are populated. By working at lower density, the condensate depletion could be significantly reduced.
The atom-cavity dynamics is modeled by numerically solving the one-dimensional GrossPitaevskii equation for the atoms with the three-mode Ansatz y(
] and the equation
for the intracavity field amplitude a (26). Here,
photon, z p is the rate at which the intracavity field is driven by the probe field, and g 1D is the effective binary collision parameter. d 1 and d 2 are the probe frequency detunings with respect to the relevant atomic D 1 and D 2 lines, and S 1 = 2/3 and S 2 = 1/3 are the corresponding effective line strengths for the F = 2, m F = 2 ground state in the case of s-polarized light. The parameter q allows us to include a small initial momentum of the BEC. In contrast to previously considered scenarios, in the sub-recoil regime studied here the cavity field evolves on a time scale longer than that of the atomic dynamics, and hence Eq. 2 may not be integrated out. Furthermore, to capture the processes discussed in Fig. 1 , we may not limit ourselves to contributions linear in f T . In Fig. 2B , the model of Eqs. 1 and 2 is used with q = 0 to calculate transmission spectra corresponding to the experimental observations in Fig. 2A . Although condensate depletion is neglected, the qualitative features of the observed spectra are reproduced [for details, see (25) ].
In Fig. 3 , we demonstrate cavity-induced heating and cooling according to Fig. 1, B and C. Initially, a BEC is prepared inside the cavity at zero momentum. A weak light pulse with 400-ms duration and d c /2p = d c,heat /2p ≈ 0 kHz is applied, yielding the strongly fluctuating intracavity intensity with 400-nW average power shown in the thin blue trace in the upper panel of Fig. 3A . The bottom graph shows a momentum spectrum recorded directly after the pulse terminates. The spectrum shows large populations at T2ħk, whereas the initially exclusively populated zero momentum peak is practically not visible. Note that no higher momenta (T4ħk) are excited, in accordance with the considerations in the context of Fig. 1 . A substantial fraction of atoms (up to 75% depending on the density) forms a diffuse halo, which we attribute to multiple binary collisions. Particle loss occurs on the few percent level. In Fig. 3B , after a free evolution of the atoms with disabled probe beam, a second pulse is applied with similar intracavity power and 200-ms duration but with d c /2p = d c,cool /2p ≈ −43 kHz (top graph). The subsequently recorded momentum spectrum plotted in the lower panel shows that the zero momentum peak is repopulated, whereas the momentum states T2ħk, populated by the previous pulse, are completely depleted. An atom count shows that the zero momentum population after cooling exceeds the sum of the populations in all Bragg peaks (0, T2ħk) previous to the second pulse by about 35%. Hence, not only the T2ħk atoms are recollected at zero momentum but a notable fraction of the halo atoms as well. For optimized pulse powers, the build-up of momentum transfer in Fig. 3, A www.sciencemag.org SCIENCE VOL 337 6 JULY 2012 the harmonic frequency 25 Hz. Hence, variable holding times in the trap translate into variable initial velocities during application of the subsequent heating pulse, provided that the pulse duration (400 ms) is much shorter than the oscillation period of about 40 ms. Because the initial velocity Doppler-shifts the backscattering resonances in Fig. 1, B and C, the populations P n of the momentum components n2ħk, n ∈ {0, −1, 1} are expected to vary periodically with the holding time. This is illustrated in Fig. 4A , where momentum spectra are shown that were recorded after application of an excitation pulse similar as in Fig. 3A following a variable holding time in the magnetic trap. The lines in Fig. 4B show the quantities p 0 = P 0 /(P 0 + P −1 + P 1 ) (blue) and p 1 = (P 1 − P −1 )/(P 0 + P −1 + P 1 ) (red), which have been calculated by using Eqs. 1 and 2 with q(t) = q 0 cos(Ωt) and q 0 ≈ 0.1k determined by a time-offlight measurement. The fine details of these traces largely depend on the exact values of the pulse durations, detunings, and powers. Nevertheless, the coarse structure describes well the observations in Fig. 4A (25) .
Cavity-induced sub-recoil momentum transfer could be used to also cool hotter, truly thermal samples by applying sequences of pulses with appropriately adjusted frequency detunings. Crossdimensional relaxation because of ergodic mixing in the external potential and elastic collisions should allow us to cool all three dimensions. The achievement of quantum degeneracy starting from a thermal sample well above the critical temperature is an intriguing goal, which appears to be in reach with our cooling scenario.
